Introduction
============

Chronic Myelogenous Leukemia (CML) is a myeloproliferative neoplasia characterized by the reciprocal translocation t(9:22) (q34:q11) [@B1], which results in the expression of the chimeric Bcr-Abl oncoprotein with constitutive tyrosine kinase activity. Bcr-Abl kinase drives the pathogenesis of the disease through the phosphorylation and activation of a broad range of downstream substrates which play critical roles in cellular signal transduction. This ultimately leads to cell growth, inhibition of apoptosis and altered cell adhesion [@B2].

A radical change in CML therapy took place in the early 90s with the discovery of Imatinib mesylate (IM) [@B3]: first line therapy for patients due to its specific action against Bcr-Abl protein tyrosine kinase activity. This "targeted" approach has improved the 10-year survival rate of patients from approximately 20% to 80-90%.

For those patients who fail standard treatment, an increasing number of \"second\" (dasatinib and nilotinib) and \"third\" (bosutinib and ponatinib) generation tyrosine kinase inhibitors (TKIs) have been developed in recent years, now commonly used in the treatment of CML patients [@B4].

Despite the fact that TKIs are effective agents in CML treatment, the development of pharmacological resistance poses a limit to their therapeutic potential. This is further compounded by the need to increase administered doses, which then have long-term side effects, such as cardiac toxicity, altered bone and mineral metabolism and hypothyroidism [@B5], [@B6]. Acquired resistance can be caused by different mechanisms: overexpression of the Bcr-Abl protein or successive mutations in the BCR-ABL gene that determine low binding of the Imatinib [@B7]. Thus, there is an urgent need to develop alternative strategies to overcome drug resistance [@B8].

As a strategy for targeting neoplastic cells, the application of nucleic acid-based inhibitors of gene expression, such as RNA interference (RNAi), has been proposed in the treatment of CML [@B9], [@B10].

However, the clinical application of RNA-based therapy has been hampered by a lack of appropriate delivery systems [@B11].

An ideal drug delivery system should be able to direct the drug to a specific type of cells, thereby improving the biological effectiveness and reducing the toxicity of the therapy. As a drug delivery systems, liposomes, synthetic vesicles with a lipid bilayer membrane, are the most well-investigated systems due to their application in cancer therapy [@B12].

Exosomes are small vesicles, 40-100 nm in diameter, which are initially formed within the endosomal compartment and, subsequently secreted when a multi-vesicular body (MVB) fuses with the plasma membrane. These vesicles are released by a number of cell types including cancer cells and are considered messengers in intercellular communication [@B13]-[@B16]; recently, a wealth of information has been gained in recent years which considers these vesicles as new vehicle types, containing cytokines, growth factors, adhesion molecules and nucleic acids [@B17].

Interest in using exosomes, as an alternative to liposomes, in therapeutic approaches is an even more recent development and is based on surmounting evidence of their clinical applicability. Exosomes are an extremely promising therapeutic tool for numerous diseases given their ability to shuttle small molecules between cells. In particular, due to their endogenous origin, exosomes avoid immune recognition and clearance compared to exogenous nanovesicles. Furthermore, exosomes have a complex protein membrane composition that contributes to efficient cellular uptake [@B18], [@B19].

Recent studies have demonstrated that exosomes have a tissue specific tropism, according to the molecules expressed on their surface, which can be used to target them to specific tissues and/or organs [@B20]. Furthermore, exosomes or exosome mimetic nanoparticles can be engineered and loaded with various molecules (drugs, small molecules or siRNA) and targeted to specific organs [@B21]-[@B24].

The first example of functional delivery of siRNA using exosomes was developed by Alvarez-Erviti et al [@B24]; the authors demonstrated that engineered exosomes with RVG peptide (portion of G protein of rabdovirus) specifically recognize neuronal cells, thus overcoming the blood-brain barrier.

In this study we generated targeted exosomes able to deliver Imatinib or BCR-ABL siRNA to CML cells in order to overcome pharmacological resistance (Figure [1](#F1){ref-type="fig"}A). It is known that interleukin-3 receptor (IL3-R) is overexpressed on CML and AML (acute myeloid leukemia) blasts while expressed at low levels or absent on normal hematopoietic stem cells [@B25]-[@B27], suggesting that IL3-R could serve as a receptor target in a cancer drug delivery system using exosomes to deliver drugs or siRNA to inhibit BCR-ABL. Here we show that modified exosomes, containing IL3-Lamp2B, and loaded with Imatinib, are able to specifically target tumor cells *in vivo*, leading to a the reduction in tumor size. Furthermore, we showed that modified exosomes are able to deliver functional BCR-ABL siRNA towards Imatinib-resistant CML cells.

Results
=======

Characterization of IL3-Lamp2b Exosomes
---------------------------------------

In order to produce IL3-Lamp2b (IL3L) expressing exosomes, we generated a Pinco plasmid containing the recombinant human Lamp2b gene fused with a human interleukin-3 gene fragment. A 6XHis tag in the C-terminus of the protein (Figure [1](#F1){ref-type="fig"}B) was then added so as to confirm the expression of the recombinant protein. HEK293T were selected as exosome producing cells due to their high transfection efficacy and the amount of exosomes released [@B28]. HEK293T cells, transfected with recombinant Pinco plasmid, and exosomes released from these cells expressed IL3-Lamp2b as shown by western blot analysis (Figure [2](#F2){ref-type="fig"}A).

For confirmation that the transfection did not alter exosome composition, we evaluated the expression of different exosomal markers: Alix, CD81 and Tsg101, which are expressed in modified exosomes, as shown in Figure [2](#F2){ref-type="fig"}A. Quantitative proteomic analysis of Exo and IL3L Exo was also performed and we found that only the 27% of the 340 identified proteins (Table [S1](#SM0){ref-type="supplementary-material"}) were significantly differentially represented (FC≥2; p≤0.05) in the two exosome populations; 52% of these were structural constituent of ribosomes (Figure [S1](#SM0){ref-type="supplementary-material"}).

Exosome size distribution (ranging between 30-60 nm), and morphology were analyzed using dynamic light scattering (DLS) and atomic force microscopy (AFM) (Figure [2](#F2){ref-type="fig"}B and 2C).

On the whole, the data suggest that exosome modification does not alter their size or molecular properties. Western blot analysis then confirmed that CML cell lines express IL3-R (Figure [2](#F2){ref-type="fig"}D), as reported in literature [@B27].

In order to determine whether HEK293T-derived exosomes, either expressing IL3-Lamp2b or not, are internalized by human cancer cells, exosomes were labeled with the lipophilic dye PKH26. LAMA84 and K562R cells, treated at 37°C with 10 μg/ml of exosomes for 3 or 6hrs, internalized nanovesicles as shown in Figure [2](#F2){ref-type="fig"}E and in Figure [S2](#SM0){ref-type="supplementary-material"}A. Significantly higher fluorescence intensity was detected for IL3L Exo treated cells compared to cells treated with Exo control. Significantly higher fluorescence intensity was also found in cells treated for 6hrs in comparison with 3hrs, independent of the type of exosome. The uptake was blocked after incubation at 4°C (Figure [S2](#SM0){ref-type="supplementary-material"}B), thus confirming that exosome uptake was mediated by a biologically active process.

*In vitro* effect of Imatinib-loaded IL3-Lamp2b exosomes
--------------------------------------------------------

We have examined the possibility of loading engineered exosomes with Imatinib through the direct treatment of HEK293T cells with 0.1, 0.5 and 1 μM of the drug. Exosomes were isolated from the conditioned medium, their Imatinib content quantified (as indicated in Materials and Methods) and used for *in vitro* and *in vivo* studies. The final drug quantities in the exosomes of samples obtained from cells treated with 0.1, 0.5 and 1 μM of Imatinib were as follows: 32.55±2.05, 265.3±6.08, 461.65±34.43 nmol/100 μL respectively.

In order to test whether Imatinib-loaded exosomes (isolated from the conditioned medium of cells treated with Imatinib 0.5 μM) were effective in killing CML cells, we treated LAMA84 and K562 cell lines for 24hrs or 48hrs with 0.1, 0.5, 1 or 10 μg/ml of exosomes engineered with and without IL3-Lamp2b, and loaded with and without Imatinib. As shown in Figure [3](#F3){ref-type="fig"}A, time and dose-dependent reduced viability of LAMA84 (upper panel) or K562 (lower panel) cells treated with Imatinib loaded exosomes (targeted and not) was observed. The effects, which were witnessed following treatment with 1 or 10 μg/ml, were comparable to those obtained with Imatinib, used as the positive control. A slightly greater reduction in cell viability was observed in cells treated with IL3-Lamp2b exosomes loaded with Imatinib. No difference in cell death compared to controls was observed when unloaded exosomes were used.

To verify *in vitro* the binding specificity of exosomes expressing IL3L to IL3-R positive cells, we performed a competition assay using IL3L Exo-Imatinib, with increasing amount of empty IL3L Exo. As shown in Supplementary Figure [S2](#SM0){ref-type="supplementary-material"}C, we observed a decreased effect of IL3L Exo-Imatinib on cell viability, depending on the increased amount of empty IL3L Exo. The effect of IL3L Exo- Imatinib was maintained when control exosomes were used as competitors.

In order to correlate the antiproliferative effects of Imatinib-loaded exosomes on CML cells with Bcr-Abl activity, cells treated with engineered exosomes were harvested and subjected to immunoblotting with antibodies against phosphorylated Bcr-Abl. As shown in Figure [3](#F3){ref-type="fig"}B, the treatment of CML cells with Imatinib-loaded exosomes was able to decrease the phosphorylation of Bcr-Abl in a dose dependent manner, without altering total protein level.

*In vivo* effect of Imatinib loaded IL3-Lamp2b exosomes
-------------------------------------------------------

The ability of Imatinib-loaded targeted exosomes to reduce tumor growth was also tested in an *in vivo* tumor xenograft model. LAMA84 cells were inoculated subcutaneously in NOD/SCID mice; one week post cell injection, mice were treated intraperitoneally (IP) twice a week with vehicle (PBS), Imatinib (50mg/kg) and 100 μg of exosomes released by HEK293T cells (Exo or IL3L-Exo) loaded with or without Imatinib. At the end of the treatment regimen, mice were sacrificed and the tumors removed. Figure [3](#F3){ref-type="fig"}C and Figure [S3](#SM0){ref-type="supplementary-material"}A show that tumor growth was reduced in mice treated with Imatinib (positive control), as well as in mice treated with Imatinib-loaded exosomes. Strikingly, a marked reduction in tumor size was observed in mice treated with Imatinib-loaded IL3L exosomes, leading to the formation of smaller tumors compared to mice treated with Imatinib-loaded exosomes. There were no statistically significant differences between mice treated with PBS (ctrl), with control exosomes or with IL3L exosomes.

*In vitro* effect of IL3-Lamp2b exosomes loaded with BCR-ABL siRNA
------------------------------------------------------------------

As the clinical application of RNA-based therapy for the treatment of CML [@B9] has been hampered by the lack of an appropriate delivery systems [@B11], [@B29], we next examined the possibility of loading engineered exosomes with BCR-ABL specific siRNA to test their functional activity towards Imatinib sensitive and resistant CML cells. We transfected HEK293T cell lines, engineered with or without IL3L, with siRNAs; exosomes were isolated from the conditioned medium 24hrs after transfection and used in both *in vitro* and *in vivo* studies.

In order to test whether siRNA-loaded exosomes showed functional activity in inhibiting Imatinib sensitive and resistant CML cell growth, we treated LAMA84, IM-sensitive or resistant K562 cell lines for 24, 48 and 72hrs with 1 μg/ml of engineered exosomes (IL3L exo), loaded with either BCR-ABL siRNA or scrambled siRNA. As shown in Figure [4](#F4){ref-type="fig"}A, we observed a time dependent reduced viability of the three cell lines treated with BCR-ABL siRNA-loaded exosomes. As expected, Imatinib treatment did not alter K562R cell growth. No differences compared to controls were observed in scrambled siRNA-loaded engineered exosomes.

In order to correlate the anti-proliferative effects of BCR-ABL siRNA-loaded exosomes on CML cells with siRNA-mediated Bcr-Abl reduction, cells treated with engineered exosomes were harvested and subjected to Real-Time PCR and western blot analysis with antibodies directed against Bcr-Abl. As shown in Figure [4](#F4){ref-type="fig"}B, the treatment of CML cells with BCR-ABL siRNA-loaded exosomes was able to decrease Bcr-Abl both at the mRNA (24hrs and 48hrs, Figure [4](#F4){ref-type="fig"}B) and protein level (72hrs, Figure [4](#F4){ref-type="fig"}C). No differences in Bcr-Abl levels with respect to controls were observed in cells treated with scrambled siRNA-loaded exosomes.

*In vivo* effect of IL3-Lamp2b exosomes loaded with BCR-ABL siRNA
-----------------------------------------------------------------

In order to test whether IL3L-exosomes were able to deliver functional BCR-ABL siRNA *in vivo*, K562R cells were inoculated subcutaneously into NOD/SCID mice; one week after cell injection, mice were treated intraperitoneally (IP) twice a week with vehicle (PBS), Imatinib (50mg/kg), 10 μg of HEK293T derived exosomes expressing IL3L and loaded with BCR-ABL siRNAs or scrambled siRNA. At the end of treatment regimen, mice were sacrificed. As reported in Figure [4](#F4){ref-type="fig"}D and in Figure [S3](#SM0){ref-type="supplementary-material"}B, the treatment of mice bearing Imatinib-resistant CML cells with IL3L-exosomes containing BCR-ABL siRNA (IL3L Exo BCR-ABL siRNA) determined slower tumor growth compared to control mice (PBS) and to mice treated with control exosomes containing BCR-ABL siRNAs (Exo BCR-ABL siRNA). No differences were observed in mice treated with exosomes containing scrambled siRNAs when compared to the control. Our data suggest that functional BCR-ABL siRNA delivery to the tumor mass by targeted exosomes is possible. Real Time PCR analysis on tumor biopsies showed that the inhibition of tumor growth by targeted exosomes is correlated to a reduction in BCR-ABL mRNA (Figure [S4](#SM0){ref-type="supplementary-material"}A).

This study highlights a possible new approach to overcome pharmacological resistance in CML by using siRNAs appropriately delivered with exosomes.

*In vivo* distribution of engineered exosomes
---------------------------------------------

For the purpose of further investigating the *in vivo* distribution of engineered exosomes, vesicles were labeled with the lipophilic fluorescent tracer DiR. To assess whether engineered exosomes were, in fact, able to reach the tumor site, NOD/SCID mice bearing CML xenografts were treated intraperitoneally with fluorescent tracer DiR (Free-DiR), with PBS, with control exosomes (Exo) or with engineered exosomes (IL3L Exo), labeled with DiR.

As shown in Figure [5](#F5){ref-type="fig"}A (Imatinib-sensitive CML xenograft) IL3L labeled-exosomes quickly reached tumor tissue and accumulated starting at 1 hr and continuing up to the 24 hr time point, while an increase in the signal corresponding to the accumulation of control exosomes compared to Free-DiR was observed only at the 24hr time point. Similarly, data reported in Figure [6](#F6){ref-type="fig"}A (Imatinib-resistant CML xenograft) showed that both exosomes accumulated in tumor tissues starting at 4hrs; however, engineered exosomes expressing IL3L reached the tumor site in greater abundance.

Organ analysis excised 24hrs post injection showed significant absorption by liver, spleen and partially by kidneys (Figure [S1](#SM0){ref-type="supplementary-material"}C) of both Free-DiR and exosomes-Dir. Analysis of tumors (from mice injected with Free-DiR, with exosomes-DiR or with IL3L exosomes-DiR) indicated that modified exosomes were internalized by tumors and remained in the tumor mass; a weaker signal, however, was observed in the tumors from mice treated with unmodified exosomes (Figure [5](#F5){ref-type="fig"}B and 6B). Generally speaking, these results clearly suggest that targeted exosomes reach tumor sites *in vivo*, implying that they are suitable vehicles for the specific delivery of drugs or siRNAs to the tumor site.

Discussion
==========

Although the development and clinical use of Imatinib and third tyrosine kinase inhibitors has revolutionized treatment and improved prognosis in affected patients, the development of pharmacological resistance still remains a problem which urgently needs to be addressed. Alternative methods may consist of a short interfering RNA (siRNA)-based therapy to downregulate the aberrant protein responsible for the neoplastic transformation [@B30], [@B31]. Although this approach is highly promising, RNAi for leukemia has reached preclinical trials only in very few cases [@B32].

The key challenge in the clinical application of siRNAs has been their stability and efficient delivery; such efficiency would require delivery to malignant cells without degradation. In this paper, we propose a new approach to convey Imatinib or BCR-ABL siRNA to CML cells by using exosomes as a delivery system. Exosomes are natural carriers of various molecule species (nucleic acid, proteins, lipids, metabolites) between cells and literature on their use in drug delivery is increasing; thus suggesting that the approach is highly feasible. A number of research groups have demonstrated that it is possible to convey therapeutic RNA molecules through exosomes to target cancer cells or other diseases, such as neurodegenerative disorders [@B21], [@B24], [@B33], [@B34]. One of the first successful trials of the system was described by Alvarez-Erviti and colleagues: they engineered dendritic cells to express the exosomal protein Lamp2b fused to the neuron-specific RVG peptide in order to deliver siRNAs targeting BACE1, a protein involved in Alzheimer\'s disease pathogenesis [@B24]. One year later, Ohno demonstrated that exosomes could also be used to deliver let-7a miRNA to EGFR-expressing breast cancer cells and xenografts, establishing that this approach is functional both *in vitro* and *in vivo*[@B21]. Furthermore, recent evidences underlines the possibility of delivering drugs, such as doxorubicin [@B35], through exosomes, thereby leading to a reduction in the toxicity of the cancer therapy and to the improvements in drug solubility. Kim and colleagues used exosomes to deliver paclitaxel or doxorubicin in order to overcome multiple drug resistance in lung cancer [@B36]. In addition, Sun showed that exosomes could enhance the anti-inflammatory activity of curcumin [@B37].

The benefit of using exosomes as a drug delivery system lies in the fact that they can be specifically targeted to a particular cell type by engineering exosome-producer cells. Nievergall and colleagues have reported that the IL3 Receptor (CD123) is overexpressed in CD34+CD38- CML cells compared to normal CD34+CD38- cells and that its expression level increases with disease progression [@B25]. Furthermore, Frolova and collaborators have established an efficient IL3-R-targeted system for inducing apoptosis in CML cells by creating a diphtheria toxin- IL3 fusion protein [@B38].

Based on these data, we considered IL3-R an attractive therapeutic target and so generated an IL3-R-targeted drug delivery system. First we demonstrated the ability to generate exosomes that express IL3 by creating a fusion protein with Lamp2b, a well-characterized exosomal membrane protein [@B39]. *In vitro* confocal microscopy analysis showed that CML cells internalize exosomes; *in vivo* imaging assays also show that IL3L-exosomes are more rapidly internalized by both Imatinib-sensitive and Imatinib-resistant xenografts. This would seem to confirm the efficiency of our IL3-R-targeted delivery approach. Data then led us to use engineered vesicles in the delivery of Imatinib to CML cells. This approach would overcome systemic toxicity associated with prolonged administration of the drug. A targeted drug delivery system would enable drugs to be directed to targeted tissues, thereby requiring lower doses. As clear from Imatinib quantification in the exosomes, doses of Imatinib in the drug-loaded exosomes used in *in vitro* experiments were 37 times lower than those required for Imatinib treatment alone. As shown, so as to generate IL3L exosomes containing Imatinib, we treated exosome-producing cell lines with 0.5 μM Imatinib and, as described by *in vivo* tumor growth analysis, we showed that IL3L-resulting exosomes are able to inhibit xenograft growth more efficiently than Imatinib alone or than control exosomes containing Imatinib. *In vivo* imaging, showing the rapid internalization of IL3L exosomes, supports these data.

Test results encouraged us to use the same approach in the delivery of siRNAs to Imatinib-resistant cells. This system could be highly important in clinical application and could be employed to overcome pharmacological resistance in tumors, such as in CML, where preclinical studies on the use of siRNA-based therapy gave promising data but the lack of an appropriate delivery system led to reduced clinical application. Here we show for the first time that it is possible to generate IL3L exosomes containing siRNAs to BCR-ABL; engineered exosomes are internalized by Imatinib resistant CML cells and xenografts, and lead to a reduction in tumor growth in an efficient manner.

Data we show are very promising and provide a rational base for the use of exosomes expressing a fragment of IL3 in a receptor-targeted therapy approach for use in CML patients and, in particular, in order to overcome pharmacological resistance. A future step, providing information on the clinical applicability of this approach, will be to engineer exosomes from immature dendritic cells (DCs) or mesenchymal stem cells (MSCs). The use of exosomes from DCs will prevent any *in vivo* immunological stimulating activity, while the use of MSCs will ensure an adequate amount of nanovesicles for clinical studies.

Finally, considering the *in vivo* heterogeneity of a tumor, which leads to differing cellular response to therapies, the use exosomes to deliver a combination of drugs and siRNAs is also conceivable. Further studies are needed to test the feasibility of this combined approach.

While focusing on CML, results from this study could have an impact on other types of tumor, such as acute myeloid leukemia, where IL3R is abundantly expressed.

Methods
=======

Ethics Statement
----------------

The study was conducted in compliance with Italian and European laws concerning animal experiments. The research protocol \"Sviluppo e caratterizzazione di modelli animali di xenotrapianto di tumori solidi, cellule tumorali e staminali tumorali da neoplasie umane\" was authorized by Italian Ministry of Health (2014/01/13) according to Legislative Decree 116/92 and was performed according to Legislative Decree 26/2014.

Cell cultures and reagents
--------------------------

HEK293T cells were obtained from ATCC (Manassas, VA, USA) and grown in DMEM High Glucose supplemented with 10% fetal bovine serum. For exosome loading, cells were treated with 0.5 μM of Imatinib. Chronic Myelogenous Leukemia cell lines, LAMA84, K562 and Imatinib-resistant K562 cells (K562R), kindly provided by Dr. Paolo Vigneri (University of Catania), were cultured in RPMI 1640 medium (Euroclone, UK) supplemented with 10% fetal bovine serum (Euroclone, UK). Imatinib Mesylate (Selleckchem, Munich, Germany) was prepared as a 500 μM stock solution in sterile phosphate-buffered saline (PBS).

IL3- Lamp2b Plasmid construction and transfection protocol
----------------------------------------------------------

We developed a Pinco-based construct that over-expresses a fusion protein (IL3-Lamp2b) that contains human Lamp2B protein and a portion of human Interleukin 3 protein in the extracellular domain as described[@B40]. The 6XHis tag has been added to the carboxy-terminal region of IL3-Lamp2b recombinant protein.

HEK293T cells were seeded in a 6-well plate; after 24 hours, cell transfection was performed with 2.5 μg of IL3-Lamp2b plasmid DNA according Lipofectamin 3000 protocol (Life Technologies, California, US). The cells were expanded and then selected with 1 μg/ml of puromicin for 4 weeks.

SiRNA Cell transfections
------------------------

HEK293T and IL3L-HEK293T cells were transfected with 100 μM of scrambled siRNA or BCR-ABL siRNAs (Dharmacon RNA Technologies, Lafayette, CO) using Lipofectamine RNAiMAX Transfection Reagent (Life Technologies) following manufacturer\'s indications.

Exosome preparation
-------------------

Exosomes released by HEK293T cells and by IL3L-HEK293T cells, treated or not with 0.5 μM Imatinib for 24h or transfected with BCR-ABL or scrambled siRNAs, cultured in presence of FBS previously ultracentrifuged (vesicle free media), were isolated from conditioned culture medium by differential centrifugation, as previously described[@B41]. Exosome protein content was determined with the Bradford assay (Pierce, Rockford, IL, USA).

Proteomic analysis: sample preparation, SWATH-MS and data analysis
------------------------------------------------------------------

Exosomes were dissolved in 50% TFE/PBS and subjected to tryptic digestion. Samples were prepared and subjected to DDA and SWATH analysis. A deep description of tryptic digestion protocol and DDA/SWATH procedures are reported in [Supplementary Material](#SM0){ref-type="supplementary-material"} and Methods. DDA raw files were combined and searched against the human database to generate the reference spectral library which was used for SWATH data processing and quantification. The protein list with FDR lower than 5% generated by analyzing SWATH data with PeakView 2.2, was exported to MarkerView for statistical data analysis using a pairwise t-test. Four technical replicates were performed for each exosome population and Fold Change (FC) IL3L Exo *vs* Exo thresholds at 2 with an adjusted p-value inferior to 0.05 were used to consider a protein up or down-regulated. The Gene Ontology (GO) of proteins differentially regulated in IL3L Exo was performed using the stand-alone enrichment analysis tool FunRich. (Functional Enrichment analysis tool; <http://www.funrich.org>).

Atomic Force Microscopy (AFM) analysis
--------------------------------------

Substrate functionalization: glass sliced were functionalized according to the following treatment: (i) cleaned by immersion in boiling acetone for a few minutes, washed with Milli-Q water, dried in a stream of high-purity nitrogen and exposed to UV rays (30W Hg lamp) in order to expose the hydroxyl groups of silica; (ii) treated with a 0.25 M (3-aminopropyl)-triethoxysilane (APTES) in chloroform solution for 3 minutes at room temperature, and then rinsed with chloroform and dried with nitrogen; (iii) treated with 0.4 M glutaraldehyde aqueous solution for 3 minutes at room temperature and then rinsed with Milli-Q water and dried with nitrogen. AFM vesicle imaging: a vesicle solution diluted in PBS to a final concentration of 1 ng/μl was deposited into APTES/gluteraldehyde functionalized glass slides and incubated for 24h. Tapping mode AFM measurements were carried out in liquid by using a Nanowizard III scanning probe microscope (JPK Instruments AG, Germany) equipped with a 12-um scanner, and AC40 (Bruker) silicon cantilevers (spring constant 0.1 N/m, typical tip radius 7 nm, resonance frequency 33kHz, oscillation amplitude 7nm, scan rate 1.5 Hz).

Quantification of Imatinib Mesylate in exosomes
-----------------------------------------------

For generating standard curve, Imatinib Mesylate was prepared as a 250 μM stock solution in sterile PBS. The calibration curve was carried out using different aliquots of standard solution diluted with PBS to give Imatinib final concentrations of 12.5, 2.50, 1.25, 0.62, 0.31, and 0.155 μM. All absorption spectral measurements of each solution were measured at absorption maximum of 321.7 nm using a Beckman DU-640 spectrophotometer as described in Bende et al[@B42]. Samples of 2 μg/μL of exosomes (final volume 100 μL) obtained from cells treated with Imatinib (0.1, 0.5 and 1 μM) were diluted to 600 μL and sonicated for 5 minutes. Exosome obtained from untreated cells were used as blank. The absorbance was measured for each sample.

Uptake of exosomes by LAMA84 and K562R cells
--------------------------------------------

Exosomes were isolated as described above and labeled with PKH26 (Sigma-Aldrich, St. Louis, MO, USA) for 10 min at room temperature. Labeled vesicles were washed twice in PBS and suspended in complete medium. LAMA84 and K562R cells were treated with 10 μg/ml of labeled vesicles for 3 or 6 hours at 4 or 37°C. Nuclei were stained with Hoechst 3342 (Molecular probes, Life Technologies) and analyzed by confocal microscopy. The analysis of fluorescence intensity was performed using IMAGE-J software (<http://imagej.nih.gov/ij/>).

CML mouse xenograft
-------------------

Female NOD/ SCID mice, four-to-five weeks old, were purchased from Harlan (Harlan Laboratories, Indianapolis, Indiana) and acclimated for a week prior to experimentation. Mice received filtered water and sterilized diet ad libitum. Each mouse was inoculated subcutaneously in the right flank with viable single human LAMA84 cells or K562R cells (2 x 10^7^) suspended in 0.2 ml of PBS. The day of injection was considered as Day 0. On Day 7, when tumors were palpable, mice carrying LAMA84 xenografts were randomly assigned to six groups of five and were treated with: (a) PBS (Ctrl), (b) Imatinib (50mg/kg), (c) HEK293T-derived exosomes (Exo-ctrl, 100 μg/mouse), (d) IM-loaded HEK293T-derived exosomes (Exo-Imatinib, 100 μg/mouse), (e) IL3L/HEK293T -derived exosomes (IL3L Exo, 100 μg/mouse) or with (f) IM-loaded IL3L/HEK293T -derived exosomes (IL3L Exo-Imatinib, 100 μg/mouse).

Mice carrying K562R xenografts were randomly assigned to six groups of five and were treated with: (a) PBS (Ctrl), (b) Imatinib (50mg/kg), (c) scrambled siRNA transfected HEK293T-derived exosomes (Exo scrambled siRNA, 10 μg/mouse), (d) BCR-ABL siRNA transfected HEK293T-derived exosomes (Exo BCR-ABL siRNA, 10 μg/mouse), (d) scrambled siRNA transfected IL3L/HEK293T-derived exosomes (IL3L Exo scrambled siRNA, 10 μg/mouse), (e) BCR-ABL siRNA transfected IL3L/HEK293T-derived exosomes (IL3L Exo BCR-ABL siRNA, 10 μg/mouse).

All treatments were administered intraperitoneally and repeated twice a week for three weeks. Xenograft tumors were measured and mice were weighed twice a week. Tumor volume was determined by caliper with the following formula: (length x width^2^) /2. Animals were euthanized at day 24 and the tumors resected.

*In vivo* exosomes distribution
-------------------------------

Exosome labeling procedure: DiR was used to fluorescently label the lipid bilayer of HEK293T-derived exosomes or IL3L/HEK293T-derived exosomes as previously described [@B15].

*In vivo* imaging: for the detection of fluorescence, mice bearing CML (LAMA84 or K562R) xenografts were anesthetized and then injected IP with Free DiR or DiR labeled-exosomes. Mice images were acquired after 1h, 4h or 24h from injection (FMT 2500X, PerkinElmer LifeSciences). Following fluorescent background subtraction, images were analyzed and scaled after completion of all acquisitions, using appropriate computer software (TrueQuant; PerkinElmer LifeSciences). Following the last acquisition, the animals were sacrificed and the organs (spleen, liver, kidneys and tumor) were collected and acquired with same imaging system. The scale bar was expressed as Count/ Input Energy.

Statistical analysis
--------------------

Statistical analysis was performed by using IBM® SPSS® Statistics 23 software. Data are reported as mean ± standard deviation (SD) at a significant level *p* \< 0.05. After having verified normal distribution (Shapiro-Wilk test) and homoschedasticity of data (Levene test), a general linear model (GLM) was used by considering treatment and experimental time as fixed effects, followed by Sidak *post hoc* test to evaluate significant differences among cell viability results and among RT-PCR results. For cell viability results, the following comparisons were taken into account because considered biological relevant:1 μg/ml IL3L Exo-Imatinib, 10 μg/ml IL3L Exo-Imatinib, 1 μg/ml Exo-Imatinib and 10 μg/ml Exo-Imatinib treaments *versus* 0.5 μM Imatinib;1 μg/ml IL3L Exo-Imatinib and 10 μg/ml IL3L Exo-Imatinib *versus*1 μg/ml Exo-Imatinib and 10 μg/ml Exo-Imatinib treatments.

Regarding the analysis of volume tumor data, a GLM (General Linear Model) procedure for repeated measures (experimental time) was applied. The sample size n=30 for each experiment was calculated with *a priori* power analysis by considering an effect size *f*=0.25, α=0.05 and 1-β=0.80.
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![**Schematic representation of IL3-R-targeted exosomes**: (A) HEK293T cells were transfected with a plasmid containing the recombinant human protein IL3-Lamp2b. Transfected cells were treated with Imatinib in order to generate Imatinib-containing IL3L exosomes or, transfected with BCR-ABL siRNA in order to generate siRNA-containing IL3L exosomes. The efficacy of engineered exosomes were tested *in vitro* and *in vivo* on Imatinib- sensitive or -resistant CML cells. (B) Schematic representation of Pinco plasmid construct containing IL3-Lamp2b.](thnov07p1333g001){#F1}

![**Generation and characterization of IL3-Lamp2b exosomes**. (A) Western blot analysis was performed on HEK293T cells, transfected or not with IL3L, and on released exosomes. Protein levels of IL3-Lamp2b (using 6XHis tag), Alix, CD81 and Tsg101 were evaluated. (B) Exosome size distribution was determined by DLS analysis. (C) Exosome particles were visualized by Atomic Force Microscopy (large square 2 μm, small square 500 nm). The apparent heights are colour coded as in the side bar. (D) Western blot analysis was performed on LAMA84, K562 and K562R cell lines. Protein levels of IL3-Rα (Cd123) were evaluated. Blots were stripped and subsequently re-probed with an antibody against Gapdh to ensure equal loading. (E) Analysis at confocal microscopy of LAMA84 (upper panel) or K562R (lower panel) cells treated, for 3h and 6h, with 10μg/ml of HEK293T-derived exosomes (Exo) and IL3L-HEK293T-derived exosomes (IL3L Exo). Nuclei were stained with Hoechst (blue); exosomes were labeled with PKH26 (red).](thnov07p1333g002){#F2}

![***In vitro* and *in vivo* effects of Imatinib loaded IL3L-exosomes**. (A) LAMA84 (upper panel) and K562 (lower panel) growth was measured by MTT assay after 24, 48 h of treatment with Imatinib (positive control), with 0.1, 0.5, 1 or 10 μg/ml of exosomes derived from HEK293T cells, containing or not Imatinib, and with 0.1, 0.5, 1 or 10 μg/ml of exosomes derived from IL3L-HEK293T cells, containing or not Imatinib. The values were plotted as % of growth vs Ctrl (untreated cells - dot line). Each point represents the mean ± SD of three independent experiments (\*\*, p \< 0.005; \*\*\*, p \< 0.0005): versus Imatinib (a, p \< 0.0005; b, p \< 0.005); versus Exo-Imatinib (°, p \< 0.05; °°°, p \< 0.0005). (B) Western blot analysis was performed on LAMA84 and K562 cell lines treated for 24h with Imatinib, with 1 or 10 μg/ml Imatinib loaded exosomes derived from HEK293T cells or from IL3L-HEK293T cells. Protein levels of p-Bcr-Abl or Bcr-Abl were evaluated. Blots were stripped and subsequently re-probed with an antibody against Gapdh to ensure equal loading. (C) Comparison of the median tumor volume was an index of the antitumor efficacy of Imatinib loaded exosomes. Significant differences in terms of tumor volume were observed: IL3L Exo-Imatinib *versus* IL3L Exo at 17 days (^a^, *p* \< 0.05), IL3L Exo-Imatinib *versus* IL3L Exo and Imatinib at 21 days (^b^, *p* \< 0.005), and IL3L Exo-Imatinib *versus* IL3L Exo, Exo-Imatinib and Imatinib at 24 days (^c^, *p* \< 0.0005).](thnov07p1333g003){#F3}

![***In vitro* and *in vivo* effects of BCR-ABL siRNA loaded IL3L-exosomes**. (A) LAMA84, K562 and Imatinib resistant K562 cell growth was measured by MTT assay after 24, 48 or 72 h of treatment with Imatinib (on the right side of each histograms) or with 1 μg/ml of exosomes derived from IL3L-HEK293T containing scrambled siRNA or BCR-ABL siRNA. The values were plotted as % of growth *vs* Ctrl (untreated cells - dot line). Each point represents the mean ± SD of three independent experiments. Statistically significant differences were found between 1 μg/ml IL3L Exo with BCR-ABL and 1 μg/ml IL3L Exo with scramble values (Sidak test: \*\*\*, *p* \< 0.0005). In addition, significant decrease in MTT value was observed in each cell type overtime (Sidak test: ^a^, 48h *versus*24h - *p* \< 0.0005; ^b^, 72h *versus*48h - *p* \< 0.0005). (B) Real-time PCR analysis was performed on CML cell lines treated for 24 or 48 h with Imatinib (on the right side of each histograms) or with 1 μg/ml of exosomes derived from IL3L-HEK293T containing scrambled siRNA or BCR-ABL siRNA. The values were plotted as fold change compared to control (untreated cells - dot line). Each point represents the mean ± SD of three independent experiments. GLM highlighted a significant influence on PCR data by the treatment effect (\*\*\*, *p*\< 0.0005), but not by experimental time effect. (C) Western blot analysis was performed on CML cell lines treated for 72h with Imatinib or with 1 μg/ml of exosomes derived from IL3L-HEK293T containing scrambled siRNA or BCR-ABL siRNA. Protein levels of Bcr-Abl were evaluated. Blots were stripped and subsequently re-probed with an antibody against Gapdh to ensure equal loading. (D) Comparison of the mean tumor volume was an index of the anti-tumor efficacy of IL3L-HEK293T derived exosomes containing BCR-ABL siRNA. Significant differences in terms of tumor volume were observed at 28 days: IL3L BCR-ABL siRNA *versus* Ctrl untreated (^a^, *p* \< 0.0005), IL3L Exo-scrambled siRNA and Imatinib (^b^, *p* \< 0.005), and *versus* Exo-scrambled siRNA (^c^, *p* \< 0.005).](thnov07p1333g004){#F4}

![***In vivo* distribution of engineered exosomes in Imatinib sensitive mouse xenograft**. (A) NOD/SCID mice bearing Imatinib sensitive CML xenograft tumors in the right flank were injected intraperitoneally with Free-DiR, 100 μg of HEK293T exosomes-DiR, 100 μg of IL3L-HEK293T exosomes-DiR in a volume of 150 μl PBS. Mice were imaged at 1, 4 and 24 h post injection. A scale of the radiance efficiency is presented to the right of mice image. Histogram represents *in vivo* quantification of *in vivo* fluorescence (B) Tumors were excised and imaged after 24 h. A scale of the radiance efficiency is presented to the right. Histogram represents *ex vivo* quantification of tumor fluorescence.](thnov07p1333g005){#F5}

![***In vivo* distribution of engineered exosomes in Imatinib resistant mouse xenograft.** (A) NOD/SCID mice bearing Imatinib resistant CML xenograft tumors in the right flank were injected intraperitoneally with Free-DiR, 10 μg of HEK293T exosomes-DiR, 10 μg of IL3L-HEK293T exosomes-DiR in a volume of 150 μl PBS. Mice were imaged at 1, 4 and 24 h post injection. A scale of the radiance efficiency is presented to the right of mice image. Histogram represents *in vivo* quantification of *in vivo* fluorescence (B) Tumors were excised and imaged after 24 h. A scale of the radiance efficiency is presented to the right. Histogram represents *ex vivo* quantification of tumor fluorescence.](thnov07p1333g006){#F6}

[^1]: \* These authors contributed equally to this work

[^2]: Conflicts of interest: The authors have declared that no competing interest exists. The content is object of Italian Patent Application No. 102016000038900 filed on April 15^th^ 2016.
